In a recent report identifying the promoters of the Rhodobacter capsulatus glnBA operon, it was suggested that an internal promoter upstream of the glnA gene probably resulted in different levels of glnBA and glnA transcripts (D. Foster-Hartnett and R. G. Kranz, J. Bacteriol. 176:5171-5176, 1994). Therefore, to investigate the regulation, we constructed and examined the expression of a number of translational fusions in R. capsulatus glnBA. The results support a role for posttranscriptional regulation.
In enteric bacteria, the glnB gene encodes a regulatory protein, P II , responsible for coordinating nitrogen acquisition systems and the nitrogen assimilation process in response to available fixed nitrogen (19) . Glutamine synthetase activity and synthesis are controlled by a regulatory cascade, one member of which is P II protein (26) . Intracellular nitrogen levels, reflected in the ratio of glutamine to ␣-ketoglutarate, are sensed by uridylyltransferase, which covalently modifies P II . P II -UMP is produced during nitrogen limitation, and P II is unmodified under conditions of nitrogen excess. Unmodified P II promotes covalent modification (inactivation) of glutamine synthetase by adenylyltransferase (5) and dephosphorylation (inactivation) of NtrC-P by NtrB, the response and sensing elements, respectively, of the two-component regulatory system that signals nitrogen status (15, 22, 23) . Modified P II apparently does not interact with the two-component system (15) , but it stimulates the deadenylylation of glutamine synthetase.
Because the P II , NtrC, and NtrB proteins are highly conserved between Escherichia coli and Rhodobacter capsulatus (13, 18) , similar models are invoked to explain the functioning of these proteins in R. capsulatus which, in this bacterium, also control nitrogen fixation (11) . Mutations in glnB resulted in a derepression of nitrogen fixation genes in the presence of sufficient fixed nitrogen and in the creation of a glutamine auxotroph in some cases (17, 18) . These results confirmed the regulatory role of the protein product and supported an operonal arrangement for the glnB and glnA (encoding glutamine synthetase) genes. The glnBA operon was subsequently confirmed by sequence analysis (18) . Glutamine synthetase is the only significant nitrogen assimilatory enzyme in R. capsulatus (29) , and it is present at sufficient levels to be visualized on one-dimensional gels. The two proteins made from the glnBA operon may not be needed in equal concentrations, since one is a regulatory protein and the other is an anabolic enzyme. To address the possibility that differential transcription might allow different concentrations of P II and glutamine synthetase to be made in R. capsulatus, we performed Northern (RNA) analysis and created translational fusions with glnBA. The data supported posttranscriptional events that result in unequal levels of expression of the two genes.
The bacteria and plasmids used are described in Table 1 . Triparental matings were used to mobilize plasmid constructs into R. capsulatus as previously described (1) . Total DNA was isolated as described by Ausubel et al. (2) except that extraction of the DNA was performed by a phenol-CHCl 3 -isoamyl alcohol (24:24:1) extraction followed by two CHCl 3 -isoamyl alcohol (24:1) extractions. The CsCl gradient purification was replaced by an RNase A treatment (50 g/ml, 45ЊC, 1 h) followed by extractions with phenol-CHCl 3 -isoamyl alcohol and CHCl 3 -isoamyl alcohol. Small-scale chromosomal DNA extractions, large-scale plasmid preparations, and minipreparations of plasmids by the boiling or alkaline lysis method were performed by standard procedures (2) . Restriction endonuclease cleavage reactions and ligations were carried out according to the instructions of the enzyme suppliers. Most of the DNA fragments used for cloning were purified by electrophoresis on low-melting-point agarose. In all instances, the resulting recombinant plasmids were verified by restriction site mapping.
For Southern analyses, DNA fragments separated by electrophoresis were transferred by vacuum onto Zeta-Probe blotting membrane (Bio-Rad Laboratories, Hercules, Calif.). The glnB and glnA probes were from pRA3 and are shown in Fig.  1 . Probes were labelled with [ 32 P]dCTP (3,000 Ci/mmol) as specified in the Random Primed DNA Labeling Kit (United States Biochemical). The hybridization step was carried out according to the standard protocol in the Bio-Rad Zeta-Probe blotting membrane instruction manual. For Northern analyses, RNA from exponential cultures was prepared according to the method described by von Gabain et al. (27) . Electrophoresis conditions were those described by Ausubel et al. (2) . The RNA was transferred onto a nylon membrane (Promega Corporation, Madison, Wis.) by capillary action for about 13 h before hybridization. Probes were as follows: for glnB, an NheIBglII fragment (337 bp) or a SmaI-BglII fragment (360 bp); and for glnA, a PstI-EcoRI fragment (300 bp). Labelling of probes was as for Southern blots.
Source of wild-type R. capsulatus glnBA. The glnA gene from R. capsulatus was originally isolated by complementation of an E. coli glnA mutation by a procedure that selected for increased expression of the R. capsulatus gene (25) that could have allowed alterations in the regulatory sequences. One of the subcloned plasmids, pPS25 (25) , was used as a source of glnA and glnB probes for the isolation of a 2.7-kbp PvuII fragment of R. capsulatus chromosomal DNA that contains the wild-type regulatory sequences for the glnBA operon. When cloned into a conjugable plasmid, this fragment was shown to complement an R. capsulatus glnA mutation which allowed growth of the Gln Ϫ strain G29 (29) in the absence of added glutamine. An EcoRI-PvuII 923-bp DNA fragment encoding most of the C terminus of the glnA gene was cloned into pTZ18R in both orientations and sequenced on both strands. Sequence analysis showed that the fragment did not contain the entire glnA gene but that it could encode a polypeptide of 442 amino acids with 4 amino acids coming from vector sequences before encountering a stop codon. Interestingly, this truncated version was sufficient for catalytic activity.
Transcripts from R. capsulatus glnBA. To examine the sizes and relative abundances of transcripts for the glnBA operon, RNA was prepared from R. capsulatus cells grown with different nitrogen sources. Ammonium, sufficient to repress genes for nitrogen fixation (15 mM), glutamine, at levels that allowed derepression (10 mM), and N 2 , requiring nitrogen fixation (a 95:5 mixture of N 2 and CO 2 bubbled at 100 ml/min), were used for cell growth. Northern analysis was performed on the extracted RNA with probes ( Fig. 1) internal to glnA and one that extended about 90 bp upstream of glnB. In all cases, two transcripts were detected with the glnA probe, one of 2.2 kb and one of 1.6 kb (Fig. 2) . The glnB probe detected a 2.2-kb fragment consistently and a small 0.4-to 0.5-kb transcript on occasion (not visible in Fig. 2 ). With either probe, the apparent level of expression was dependent on the growth conditions. The intensity of the hybridizing bands was greater in RNA samples prepared from cells grown with nitrogen limitation. In addition, the intensity appeared to be greater for the glnA probe than for glnB.
Analysis of fusions to R. capsulatus glnBA. To determine whether the different transcripts were derived from two promoters or from a processing event, fusions of lacZ to the glnB and glnA genes were created (Fig. 1 ). Fusions were conjugated into wild-type R. capsulatus B100 and the NtrC Ϫ strain J61. ␤-Galactosidase was measured as described previously (3, 21) in cells grown anaerobically in the light on plentiful ammonium and in those limited for ammonium ( Table 2 ). Induction of glnBA::lacZ (pRA17) in B100 was less than twofold. Similar levels of increase have been reported for glutamine synthetase activities (597 versus 840 nmol of ␥-glutamyl hydroxamate per min mg of protein [24] ), suggesting that the plasmid-encoded genes were normally regulated. Results with strain B100 showed that ␤-galactosidase activity from a fusion to glnB (pRA16) was slightly lower than that from glnA (pRA17) in constructs that carried ca. 960 bp of R. capsulatus DNA upstream of the start codon of glnB. When B100 cultures, grown for enzyme assays in the absence of antibiotics, were tested for KpnI-PstI fragment from pRA9 in same sites in pRKK13 This work (Fig. 1)  pRA18 KpnI-PstI fragment from pRA13 in same sites in pRKK13 This work (Fig. 1)  pRA19 Deletion of promoter and 5Ј end of glnB; pRA9 partially digested with SalI, blunted with Klenow fragment, digested with PstI, and ligated with pRKK13 prepared by XbaI digestion, blunting with Klenow fragment, and PstI digestion This work (Fig. 1) pRA21 KpnI-PstI fragment from pRA15 in same sites in pRKK13 This work (Fig. 1) the presence of plasmids, 44.0% Ϯ 1.6% of the cells with pRA16 retained the plasmid, while only 24.3% Ϯ 4.1% retained pRA17. These percentages were the same regardless of the nitrogen nutrition of the culture. This would suggest that expression of glnA is three-to fivefold greater than expression of glnB. Unlike results reported by Foster-Hartnett and Kranz (11), the expression of glnB fusions occurred at higher levels under nitrogen-rich conditions than under nitrogen-poor conditions, even in the absence of NtrC (Table 2) . Deletions were generated to determine whether a second promoter existed between glnB and glnA that could account for this differential expression, as had been suggested for R. capsulatus (11) and other bacteria (6) (7) (8) 20) . Deletion of all upstream sequences and 268 bp of the 5Ј end of glnB (338 bp total), such that only 70 bp of the 3Ј end of glnB and the intergenic region remained (pRA18), eliminated expression of ␤-galactosidase fused to glnA. Restoration of 112 bp of the middle of glnB (pRA19) did not restore expression. If an additional promoter were present within or downstream of glnB, it would have to be in the 154 bp at the 5Ј end of glnB; however, the transcript sizes were inconsistent with such a location. When the only sequence deleted upstream of glnA was a 108-bp fragment internal to glnB (pRA21), high levels of ␤-galactosidase were again produced. The consistently higher activities from the lacZ fusions with the internal glnB deletion (pRA21 versus pRA17) might result from a lower cellular concentration of the glnB product, P II .
Results with J61 showed that the increase in expression of glnA fusions in response to nitrogen limitation was mediated by NtrC, as had been shown by others (11) . The NtrC Ϫ background also affected the glnB fusions. Although the expression from glnB::lacZ in cultures with sufficient ammonium always occurred at higher levels than that in nitrogen-starved cultures, the ratio of this expression was much greater with the NtrC loop structure with a stability of Ϫ36.1 kcal (ca. Ϫ151 kJ) (data not shown) that spanned the 3Ј end of glnB and extended into the intergenic region (beginning 289 bases downstream from the start codon of glnB and involving 112 bases) was found. This double-stranded RNA region could possibly represent a processing site for an endoribonuclease such as RNase III (16) that could allow rapid turnover of the upstream mRNA. This possibility is consistent with the Northern analysis results. However, the expression from the glnB fusion would not be affected by such a putative processing site, because this region is absent. The second feature that might play a role in the differential expression of glnB and glnA and their fusions was an additional stem-loop structure predicted for a region spanning the translational start site of glnB (Fig. 3) . This region begins 26 bases upstream from the start codon and extends 48 bases into the coding sequence and has a predicted stability of Ϫ15.3 kcal (ca. Ϫ64.0 kJ). If the AUG is sequestered in this secondary structure, translation of glnB mRNA could be affected. Interestingly, the first bases predicted to be involved in the stem are those identified as the mRNA start site for the p2 promoter of glnBA that is stimulated by NtrC during nitrogen limitation (11) . Whether these RNA structures play a regulatory role in vivo and what other factors may recognize these features remain for future investigation.
Nucleotide sequence accession number. The nucleotide sequence of the 923-bp EcoRI-PvuII DNA fragment encoding most of the C terminus of the glnA gene has been assigned GenBank accession number U25953.
